For the wide application as thermal protection materials, it is very necessary for mullite ceramics to improve fracture toughness. In this paper, the laminated and stitched carbon fiber cloth preform reinforced mullite (C/mullite) composites were prepared through the route of sol impregnation and heat treatment using the Al 2 O 3 −SiO 2 sol with a high solid content as raw materials. The C/mullite composites showed a flexural strength of 228.9 MPa that was comparable to that of dense monolithic mullite although the total porosity reached 13.4%. Especially, a fracture toughness of 11.2 MPa·m 1/2 that was 4-5 times that of dense monolithic mullite was obtained. Strength deterioration due to the carbothermal reduction between carbon fiber and the residual SiO 2 in matrix was found above 1200 ℃. A pyrolytic C (PyC) coating was deposited on carbon fibers as interfacial coating. The chemical damage to carbon fibers was obviously alleviated by the sacrifice of PyC coating. Accordingly, the C/PyC/mullite composites kept strength unchanged up to 1500 ℃, and showed much higher strength retention ratio than C/mullite composites after annealing at 1600 ℃.
Introduction
In despite of some advantages such as low density, low thermal expansion, desirable thermal stability, and oxidation resistance [1] [2] [3] [4] [5] [6] , the inherent brittle fracture behavior limits the structural applications of mullite ceramics. Incorporating the second phases can improve the fracture toughness of monolithic mullite. Of all the second phases, continuous fiber reinforcement is superior due to the outstanding damage tolerance. Furthermore, high mechanical properties in X direction, the interlaminar strength and the in-plane strength were low due to the absence of carbon fiber in Y and Z directions. Furthermore, this route is difficult for the fabrication of large-size components with complex shape.
Taking the structural characteristics of 3D fiber preform and the fabrication of large-size complex components into account, the gas infiltration and the solution impregnation routes are preferable for the sake of homogeneous distribution of matrix and low fabrication temperature. However, there is no proper gaseous raw material for the co-deposition of Al 2 O 3 -SiO 2 at present. The transformation efficiency from solution via sol-gel to Al 2 O 3 -SiO 2 is very low, resulting in 3D fiber reinforced mullite composites with high porosity and low strength [16] . Recently, the fabrication of 3D oxide and SiC fiber preforms reinforced oxide ceramic composites from sols with high solid content has drawn increasing interests [7] [8] [9] 17, 18] . The route of sol impregnation-dryingheat (SIDH) treatment is promising since it improves the fabrication efficiency of solution impregnation route and reserves the advantages of homogeneous distribution of matrix and low fabrication temperature.
Using 3D carbon fiber preform as reinforcement, the authors have fabricated 3D C/Al 2 O 3 [19] and C/YAG (yttrium aluminum garnet, Y 3 Al 5 O 12 ) [20, 21] composites through the SIDH route. The former studies indicated that the characteristics of sol and the structure of fiber preform had great influence on the processing and mechanical properties of 3D fiber composites. Depending on the compositions of Al 2 O 3 sol and Y 2 O 3 -Al 2 O 3 sol, the Al 2 O 3 and Y 2 O 3 -Al 2 O 3 gel powders exhibited different sintering shrinkage behaviors. Although the ceramic yield and viscosity of the two sols were almost the same, the fabrication of C/Al 2 O 3 and C/YAG composites with the same reinforcement needed different sintering schedule and SIDH cycles, and the as-received composites had different total porosity and mechanical properties [19, 20] . For C/YAG composites, even if the sol and the processing were the same, different carbon fiber preforms resulted in different microstructure and mechanical properties because of the different fiber distribution and pore structure [20, 21] . Therefore, the processing should not be copied for different C/oxide composites.
In addition, 3D C/mullite composites were also prepared through the SIDH route in our previous work [22] [23] [24] [25] . 3D braided carbon fiber preform and three kinds of SiO 2 -rich Al 2 O 3 -SiO 2 monophasic sols were used as reinforcement and raw materials for mullite matrix, respectively. The resultant 3D C/mullite composites had high total porosity of which ~50% was close porosity because of the viscous flow of rich SiO 2 as well as the preform structure. In order to reduce the porosity, the diphasic Al 2 O 3 -SiO 2 sol with stoichiometric ratio of mullite (3Al 2 O 3 ·2SiO 2 ) was used as the precursor for mullite matrix in this paper. With regards to the reinforcement, the laminated and stitched fiber cloth preform was selected because its structure is open and easy for sol to impregnation. Moreover, the laminated and stitched fiber cloth preform has high performance-to-cost ratio among the 3D fiber preforms because it integrates the high performance of 3D braided fiber with the low cost of 3D fiber needled felt.
As mentioned above, since both the sol and the reinforcement were changed, it is necessary to restudy the processing and mechanical properties of C/mullite composites. Thus, the mullitization and sintering shrinkage of the diphasic Al 2 O 3 -SiO 2 sol with stoichiometric ratio of mullite (3Al 2 O 3 ·2SiO 2 ) were firstly studied to decide the fabrication temperature of 3D C/mullite composites. Then the mechanical properties and thermal stability of 3D C/mullite composites were investigated in this study.
Experimental
Al 2 O 3 sol and SiO 2 sol were blended according to the stoichiometric mullite (3Al 2 O 3 ·2SiO 2 ). The resultant Al 2 O 3 -SiO 2 sol with a solid content of 30.7 wt% and a viscosity of 8.8 mPa·s was used as precursor for mullite matrix. Gel powders were obtained after the sol was dried at 200 ℃. The gel powders were heated at various temperatures under inert atmosphere, followed by phase composition analysis through X-ray diffraction (XRD). XRD was carried out on a diffractometer (Bruker D8 advance) with Cu Kα radiation. Data were digitally recorded during a continuous scan in the range of angle (2θ) from 10°-80° with a scanning rate of 4 (°)/min. In addition, the gel powders were cold pressed to wafers at 120 MPa. Linear shrinkage of the wafers after heat treatment was measured.
Plain weave carbon fiber cloths were laminated and stitched with carbon fiber bundles to form the 3D carbon fiber preform (T300 3k, ex-PAN carbon fiber, Toray) with a fiber volume fraction of 45%. The density of carbon fiber was 1.76 g/cm 3 . The 3D carbon fiber preform was desized by thermal treatment at 1400 ℃ for 1 h [26, 27] , followed by vacuum impregnation of sol. After soaked in sol for 6 h, the preform was dried at 200 ℃ for 2 h and then heated at 1300 ℃ for 1 h under inert atmosphere with a heating rate of 15 ℃/min. The fabrication of C/mullite composites was completed after the cycle of impregnationdrying-heating repeated 28 times. In order to study the effect of interfacial coating on mechanical properties and thermal stability, the composites with PyC interfacial coating were also fabricated through the same processing. The PyC coating was prepared on fiber surface after desizing by CVD with CH 3 CHCH 2 as raw materials. The as-received C/mullite composites were annealed at different temperatures under inert atmosphere for 1 h to characterize thermal stability.
The apparent density (ρ a ) of C/mullite composites was computed from the weight-to-volume ratio. The bulk density and open porosity were measured according to the Archimede's principle with deionized water as immersion medium. The theoretic density (ρ T ) of C/mullite composites was calculated from Eq. (1):
(1) where V f (45%) and V m (55%) are the volume fractions of fiber and matrix, ρ f (1.76 g/cm 3 ) and ρ m (3.17 g/cm 3 [1] ) are the densities of fiber and matrix, respectively. Thus, total porosity was equal to 1 −ρ a /ρ T and the open porosity subtracted from total porosity gives close porosity. Three-point bending test was employed to evaluate the flexural strength and elastic modulus of C/mullite composites with a span/height ratio of 15 and a crosshead speed of 0.5 mm/min. The fracture toughness was determined by the single edge notched beam (SENB) method with a cross-head speed of 0.05 mm/min and a span/height ratio of 4. The ratio of notch depth to specimen height was 0.50. Five specimens were tested to obtain the average strength and fracture toughness. Fracture work was calculated from the formula of W = A C /BH [28] , where A C was the characteristic area of fracture curve, which refers to the area under loaddisplacement curve above 90% stress; H and B are the thickness and width of the sample, respectively. Weight loss and flexural strength retention after annealing were recorded to characterize thermal stability of C/mullite composites. Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) (Quanta-200 EDAX) were employed to observe microstructures and measure element compositions of the composites.
Results and discussion

1 Fabrication and mechanical behavior of C/mullite composites
The phase compositions of gel powders after heat treatment are shown in Fig. 1 [23] [24] [25] were synthesized from the co-hydrolysis of Al-and Si-containing alkoxides or inorganic salts. They were called monophasic sol since Al-O-Si bond was formed in sol. The mullitization of this sol took place at temperature as low as 900-1000 ℃ due to the homogeneity at atomic level [29] . So, mullite peak at ~26° was observed at 1000 ℃ and mullitization occurred to a great extent at 1200 ℃ [23] [24] [25] . On the contrary, for diphasic sol in this paper, the mullite was formed at 1300 ℃ because the homogeneity scale was between 1 and 100 nm [29] . In addition, the transformation of metastable Al 2 O 3 phases before mullitization was not observed for monophasic sol [23] [24] [25] . Figure 2 shows the relation between heat treatment temperature and linear shrinkage of gel powder wafers. As shown, the linear shrinkage increased from 13.6% at 1000 ℃ to 22.9% at 1300 ℃ , approximately corresponding to the direct proportion law. The obvious shrinkage is beneficial to the densification of matrix and can be ascribed to the viscous flow of SiO 2 . The SiO 2 was consumed to create mullite at 1300 ℃, impairing the viscous flow of SiO 2 . Accordingly, a little increment (0.6%) in linear shrinkage was detected from 1300 to 1400 ℃. For monophasic sol, the linear shrinkage was almost unchanged during 1200-1400 ℃ due to the obvious formation of mullite at 1200 ℃ [24] .
Based on the XRD and linear shrinkage results, the heat treatment during the fabrication of C/mullite composites was conducted at 1300 ℃. The C/mullite composites without interfacial coating showed an apparent density of 2.19 g/cm 3 and an open porosity of 11.3%. The theoretical density was computed as 2.53 g/cm 3 . Thus, the total porosity was 13.4% and the close porosity was 2.1%. By comparison, the composites derived from SiO 2 -rich sol showed much higher total porosity (21%-26%) and close porosity (11%-14%) [23] [24] [25] . The structure of fiber preforms and the characteristics of sols were responsible for the different porosity. On one hand, as compared with 3D braided carbon fiber preform, the laminated and stitched fiber cloth preform was deficient in the connection between the two adjacent layers. This more open structure was advantageous to the diffusion of sol, and then reduced the total porosity. On the other hand, the Al 2 O 3 -SiO 2 sol in this study was not rich in SiO 2 . Thus, the formation of close pores due to the viscous flow of rich SiO 2 was effectively suppressed. The flexural strength and the fracture toughness of the C/mullite composites without interfacial coating were 228.9 MPa and 11.2 MPa·m 1/2 , respectively. The flexural strength is comparable to that (200-300 MPa) of monolithic mullite ceramics, and the fracture toughness is 4-5 times that of monolithic mullite ceramics [1] . The fracture work was calculated as 6120 J/m 2 , which is over tenfold higher than that of monolithic ceramics. Profiting from the lower porosity, the mechanical properties in this study were almost equal to those of the 3D braided C/mullite composites even if the fiber fraction in X direction (~22.5%) was lower than that of the 3D braided fiber preform (~38.3%) [24] .
The stress−strain curve and the fracture surface of the C/mullite composites without interfacial coating are presented in Figs. 3 and 4 , respectively. A maximum strain of ~0.9% at invalidation point and the circuitous decline of load after this point were observed in Fig. 3 . Figure 4 shows extensive fiber pull-out and long pull-out length. The fiber pull-out can dissipate crack-tip energy and make crack deflect, leading to the non-catastrophic fracture behavior shown in Fig. 3 . The prominent toughening effect of continuous fiber reinforcement was demonstrated.
In addition, the tough fracture behavior indicated that the interfacial bonding between carbon fiber and mullite was mainly physical bonding. Continuous fiber reinforced ceramic matrix composites are fabricated at high temperature along with high pressure sometimes. Once the chemical bonding was created, the fiber strength must be seriously deteriorated and the interfacial bonding is certain to be strong, resulting in flat fracture surface with little fiber pull-out and low fracture toughness. On the other hand, in the similar study of Wu et al. [30] , no obvious chemical reaction between carbon fiber and mullite matrix during the hot-pressing at 1300 ℃ was found through transmission electron microscopy (TEM) observations. Table 1 presents the weight loss and the flexural strength retention ratio of the C/mullite composites after annealing. The elemental analysis of the matrix close to fiber after annealing is listed in Table 2 . The data in Table 1 indicated that the C/mullite composites without interfacial coating could retain its flexural strength up to 1200 ℃.
2 Thermal stability of C/mullite composites
Although the EDS result is semi-quantitative, the variation trend can provide the evolution information of matrix composition. It is found from Table 2 that there was a slight decline in the contents of Si and O after annealing at 1200 ℃. This might be caused by carbothermal reduction due to the high reactivity between the disorder carbon on fiber surface [26, 27] and a small quantity of unreacted amorphous SiO 2 . Based on the thermodynamic data, the reactions of C+Al 2 O 3 and C+3Al 2 O 3 ·2SiO 2 do not occur before 1810 ℃. Therefore, the two reactions are impossible in this study since the maximum annealing temperature was 1600 ℃. The only possible chemical reaction is the carbothermal reduction between C and SiO 2 . The SiO 2 was derived from the unreacted SiO 2 during mullitization and the decomposition of mullite above 1550 ℃.
For diphasic gel, the activation energy for mullite crystallization was much higher than that of monophasic gel and the mullitization was controlled by the diffusion of Si and Al in the created mullite interface [29] . It has been found that the complete densification of diphasic gel at 1250−1500 ℃ was due to the residual SiO 2 and the residual SiO 2 usually remained in the final product [29, 31] . Tkalcec et al. [32] revealed that the mullite fraction was ~70 wt% when the diphasic gel was heated at 1300 ℃ for 6 h. Thus, it is sure that there was a small quantity of unreacted amorphous SiO 2 after the fabrication of C/mullite composites at 1300 ℃. According to the study of Vix-Guterl and Ehrburger [33] , the lowest temperature of carbothermal reduction was 1220 ℃. Therefore, the carbothermal reduction between the disorder carbon on fiber surface and the unreacted amorphous SiO 2 was very likely to happen at 1200 ℃. Of course, this reaction was faint at 1200 ℃ and the resultant chemical damage to fiber was not obvious. Accordingly, the composites kept its flexural strength and fracture work unchanged. At 1400 ℃ , the carbothermal reduction began to be active, and the obvious decrease in the contents of Si and O was detected. This brought on a higher weight loss. However, the flexural strength and fracture work decreased a little, suggesting that the chemical damage to carbon fiber was not high.
It has been reported that the mullite would dissociate into Al 2 O 3 and SiO 2 above 1550 ℃ [34] . This was also verified in this study. The XRD pattern of Al 2 O 3 -SiO 2 gel after heat treatment at 1600 ℃ is shown in Fig. 5 . The obvious peaks of α-Al 2 O 3 demonstrated the decomposition of mullite at 1600 ℃. The created SiO 2 was amorphous or had low crystallinity since no peak of crystalline silica was observed in Fig. 5 . At 1600 ℃, the created SiO 2 was consumed by carbon fiber through carbothermal reduction. As a result, the contents of Si and O elements were reduced by about two-thirds and a weight loss of 17.2% was observed. At the same time, carbon fiber was chemically damaged to a great extent, leading to sharp degradation in flexural strength and fracture work.
As shown in Fig. 6 , the fiber pull-out and interfacial debonding were still obvious after annealing at 1200 ℃, corresponding to the unchanged mechanical properties. However, this phenomenon was obscure at 1400 ℃ due to the activated interfacial reaction. After annealing at 1600 ℃ , the flat fracture surface was formed. Moreover, the cross-section shape of carbon fiber was distorted and the interspace between fiber and matrix was clear. These could be attributed to the abovementioned severe carbothermal reduction.
In order to protect carbon fiber from chemical damage, PyC coating was prepared on the surface of carbon fiber by CVD. The resulting composites were called C/PyC/mullite composites. SEM appearances of the PyC coating are presented in Fig. 7 . As shown, carbon fiber was well coated and the coating was dense with a thickness of 0.53 μm. By adding PyC coating, the flexural strength of C/mullite composites was increased by 25.8%, reaching 288.0 MPa. The stress-strain curve and fracture surface of C/PyC/mullite composites are presented in Figs. 3 and 8 , respectively. The fracture work of C/PyC/mullite composites was calculated from Fig. 3 to be 6300 J/m 2 which is a little higher than that of C/mullite composites. In Figs. 4 and 8(a) , both the composites showed extensive fiber pull-out. Consequently, it is indicated that the addition of PyC interfacial coating can improve the mechanical properties of C/mullite composites. However, it seems that the positive effect of PyC coating on the mechanical properties of C/mullite composites was not very remarkable.
In addition, the differences in fracture behaviors of C/mullite and C/PyC/mullite composites are noticed in Fig. 3 . As compared with C/mullite composites, C/ PyC/mullite composites had higher flexural modulus and lower flexural strain (~0.6%) at invalidation point. For CVD derived PyC coating, it was dense and bonded to carbon fiber tightly, thus enhancing the physical bonding of interface. The enhanced interfacial bonding can effectively transfer the load from matrix to carbon fiber. For continuous fiber reinforced ceramic matrix composites, fiber is the main load bearer. Accordingly, the flexural strength and modulus were improved. At the same time, the enhanced interfacial bonding is disadvantageous to the dissipation of cracktip energy, leading to the decrease of the invalidation strain. The thickness of PyC coating in this study was not optimal. Subsequent studies will optimize the thickness of PyC coating, then the further improvement in mechanical properties can be anticipated.
The weight loss and mechanical properties of C/PyC/mullite composites after annealing are listed in Table 3 . It is clear that the C/PyC/mullite composites kept mechanical properties stable up to 1500 ℃. As compared with C/mullite composites, the flexural strength was retained much better for C/PyC/mullite composites after annealing at 1400 ℃ although the retention ratios of fracture work were almost equal for both composites. Even if annealing at 1600 ℃, the C/PyC/mullite composites still showed much higher retention ratios of mechanical properties.
In Fig. 8 , it is found that the fracture surface of C/PyC/mullite composites after annealing at 1400 ℃ was almost the same as that of C/mullite composites. At 1500 ℃, fiber pull-out and interfacial debonding were still clear. After annealing at 1600 ℃, the pulled-out fibers lessened and the fracture surface became flat.
However, the distortion of fiber and the interspace between fiber and matrix in Fig. 6 were not observed. This means that the chemical erosion of carbon fiber was effectively alleviated by the PyC coating. Therefore, it is indicated that the PyC coating can remarkably improve the thermal stability of C/mullite composites. However, it is noticed that the PyC coating had little influence on the weight loss during annealing. The weight loss at 1400 ℃ was the same for both composites. After annealing at 1600 ℃, the C/PyC/ mullite composites showed a weight loss (15.80%) that was a little lower than that (17.20%) of C/mullite composites. As mentioned above, the only possible reaction between PyC and matrix was also the carbothermal reduction of C+SiO 2 . As far as the chemical-vapor-deposited PyC was concerned, its purity and crystallinity were higher than those of the disordered carbon on fiber surface. Accordingly, the reactivity of PyC+SiO 2 was relatively low. As a result, the weight loss after annealing of C/PyC/mullite composites was lower. Figure 9 shows the cross-sections of C/PyC/mullite composites before and after annealing. From room temperature to 1500 ℃, the cross-sections were very dense and the PyC coating was distinct. After annealing at 1600 ℃ , it is found that some PyC coatings disappeared, creating a relatively loose cross-section. Thus, it is deemed that some PyC coatings were consumed by carbothermal reduction during annealing. It was the sacrifice of PyC coating that protected carbon fibers from chemical damage, resulting in the much higher retention ratios of mechanical properties. At the same time, the load-transfer capacity was weakened due to the disappearance of PyC coating. As a result, the absolute strength of the C/PyC/mullite composites after annealing at 1600 ℃ was not as high as original strength.
Conclusions
By using the laminated and stitched carbon fiber cloth preform as reinforcement and the Al 2 O 3 -SiO 2 sol with Al 2 O 3 /SiO 2 molar ratio of 3/2 as raw materials, respectively, C/mullite composites have been fabricated through the SIDH route. Owing to the characteristic of sol and the structure of preform, the total porosity and the close porosity of C/mullite composites were remarkably reduced compared with previous studies. Accordingly, the flexural strength was equivalent to that of dense mullite. The fracture toughness was notably improved due to the introduction of carbon fiber reinforcement.
The composites without interfacial coating could retain its strength up to 1200 ℃. The carbothermal reduction between carbon fiber and residual SiO 2 in matrix became active above 1200 ℃, resulting in obvious strength degradation after annealing at 1400 and 1600 ℃. By introducing PyC coating on carbon fibers, the carbothermal reduction of carbon fiber was effectively suppressed at the cost of the sacrifice of PyC coating, and the thermal stability of C/mullite composites was enhanced notably. For C/PyC/mullite composites, no strength degradation was detected up to 1500 ℃, and the strength retention ratio after annealing at 1600 ℃ (77.7%) was much higher than that (29.3%) of C/mullite composites.
